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1.0 SUMMARY

The main objectives of the NASA Dilution Jet Mixing Phase II

Program were to extend the data base on the mixing of a single-

sided row of jets in a confined cross flow (Reference 5) and to

quantify the mixing of opposed jets in confined cross £flow.

Parametric tests were performed to determine the effects of the

following on dilution jet mixing characteristics:

o

Orifice spacing to diameter ratio, S/D
Duct height-to-diameter ratio, Hgp/D
Momentum flux ratio, J

Non-uniform mainstream profile upstream of the dilution
orifices

Flow area convergence.

The general conclusions derived from the Phase II efforts are:

Jet penetrations for two-sided injections are less than
those for single-sided injections, but the jet spread-
ing rates are faster for a given momentum flux ratio
and orifice plate.

The Jjet spreading rate in the transverse direction is
faster with an in-line configuration than with a stag-
gered arrangement for a given momentum flux ratio and
orifice plate.

For constant momentum flux ratio, the optimum ratio of
orifice spacing to duct height, S/Hg, with in-line



injections is one-half of the optimum value for single-
sided injections. For staggered injections, the opti-
mum S/Hy ratio is twice the optimum value for single-
sided injedtion.

The temperature distribution in the jet mixing regions
is strongly influenced by the mainstream profile up-
stream of the injection point. A superposition of the
mainstream profile on the correlations for wuniform
cross flow conditions yields good agreement with data.

Flow area convergence gdenerally enhances mixing. The
two-sided jet mixing characteristics with asymmetric
and symmetric convergence are very similar.

The jet mixing characteristics of square orifices are
similar to those of circular orifices with the same
geometrical area and orifice spacing.

The jet penetration and mixing characteristics of an
equivalent slot are very similar to those for the ori-
fice plate with S/D = 2.

The correlations developed in this program predict the
temperature distributions within engineering accuracy.
They provide a useful tool for predicting thermal tra-
jectory and temperature profiles in the dilution zone
with two-sided jet injections.



2.0 INTRODUCTION

Advanced aircraft propulsion gas turbine engines for civil
and military applications require increased thrust or horsepower
per unit airflow. The increased power density often results in
higher average combustor discharge temperature with attendant
reduction of the available dilution air. Effective use must be
made of the available dilution air to tailor the combustor dis-
charge temperature distribution.

The combustor discharge temperature quality is influenced by
nearly all aspects of the combustor design and in particular by
the dilution zone. To tailor the combustor discharge temperature
pattern, the discharge temperature distribution must be charac-
terized in terms of the dilution zone geometric and flow parame-
ters. Such characterization requires an improved understanding of
the dilution jet mixing processes.

The present program has been undertaken to acquire a data
base of dilution jet mixing characteristics to develop empirical
jet mixing correlations and to validate combustor analytical
design models.

The penetration and mixing characteristics of Jjets injected
into a cross-stream have been investigated by many researchers
and jet trajectories and mixing models have been developed empir-
ically. In most of these cases the jets have been limited to
single jets or one-sided rows of jets. 1In the gas turbine sys-
tems, a number of dilution jet orifices in single or multiple
rows are used on both sides of combustor liners. The existing
correlations for dilution jet mixing are not applicable to prac-
tical combustion systems. The availability of experimental data
in practical combustor geometries is limited, which results in
only qualitative application of the models in actual design prac-
tice.



The efforts reported in References 1 through 5 for a single-
sided row of jets injected into a confined cross-flow provided
the basis for Phase II of the Dilution Jet Mixing Program. The
major part of this test program was directed toward studying the
mixing characteristics of an opposed row of dilution jets (two-
sided) injected into a confined cross flow. The nominal cross-
stream test conditions in this study were: Up = 15 meters/second
(m/sec); Tp = 650°K. The dilution jet velocities (V) varied
over a range of 25 to 110 m/sec with the Jjets at an ambient tem-
perature of 300°K. The test conditions had a range of jet-to-
mainstream momentum flux ratio (J = Py ij/PmUmz) between 6 and
110.

The main objectives of the NASA Dilution Jet Mixing Phase II
Program were as follows:

o Extend the Phase I data base on mixing of a single-
sided row of jets in a confined cross flow to square
holes and 2-D slots

o Quantify the effects of J, Hg/D, and S/D on penetration
and mixing rows of jets injected from two opposite
sides into a confined cross-flow. Investigate both in-
line and staggered configurations

(o} Determine the effects of non-uniform cross-stream temp-
erature and velocity profiles upstream of the dilution
orifices on the mixing characteristics of two-sided jet
injections in a duct

o Quantify the effects of cross-stream flow area conver-
gence (accelerating cross-stream) with two-sided jet
injections



o Develop empirical correlations for two-sided injec-
tions.

The Phase II experimental effort was divided into the fol-
lowing four test series:

o Series 5: In-line and staggered jet mixing in a con-
stant area duct with uniform cross-stream
profile

o Series 6: Two-sided jet mixing in a constant area
duct with nonuniform (profiled) cross-—
stream upstream of the injection point.

o Series 7: Two-sided Jjet mixing in a symmetrically
converging duct

o Series 8: This test series included:

- Two-sided injections in an asymmetric convergent
duct

- In-line jets with unbalanced momentum flux ratios

- Single-sided jet mixing characteristics of two-
dimensional slots and a row of square holes.

The description of the experimental setup is presented in
Section 3.0. Data acquisition and reduction details are pre-
sented in Section 4.0. Test results and the predictibns obtained
from the correlations are presented in Section 5.0. The details
of the correlation are presented in Section 6.0 and conclusions
and recommendations are provided in Sectidn 7.0.
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3.0 TEST RIG AND FACILITY DESCRIPTION

3.1 Test Rig

The jet mixing test rig schematic layout is presented in
Figures 1 and 2. A partially assembled rig is in Figure 3. The
mainstream airflow is ducted from the test cell main air supply
through a 15.24 centimeter (cm) internal diameter pipe. A tran-
sition section connects the inlet pipe to a rectangular cross
section of constant width (30.48 cm) and adjustable height.

A perforated plate with 25 holes of 1.43-cm diameter pro-
vides a relatively uniform airstream upstream of the profile gen-
erator plenum. The profile generator duct incorporates an
adjustable bottom wall to match the test section inlet height,
which can vary from 10.16 to 15.24 cm.

A separate air supply is used for the profile generator to
provide the desired radial profile of temperature and velocity
upstream of the jet-injection plane.

A third air supply feeds the dilution Jjet orifices on the
top and bottom walls of the test section. Separate flow control
valves facilitate independent control of the top and bottom jet
velocities. The supply temperatures of the top and bottom jets
are the same in this arrangement.

The rig walls are insulated with a 2.54-cm thick layer of
Kaolite insulation to mimimize the rig heat losses.

In addition to a traversing Py/Pg/T rake, as shown in Fig-
ure 2, the rig instrumentation includes a number of wall static
pressure taps and flow thermocouples.



A brief description of the profile generator, test sections,
and dilution orifice plates is provided in the following para-
graphs.

3.1.1 Profile Generator

A profile generator (Figure 4) provides a desired radial
profile in the mainstream. This is achieved by varying indepen-
dently the flow conditions of the approaching mainstream and the
flow injected from the profile generator. As shown in Figure 2,
a separate air supply is used to vary the temperature and veloc-
ity of the air supplied to the profile generator slot (2.54-cm
high and 29.2-cm wide). The supply-air duct dumps the air into a
rectangular plenum (or settling chamber) of 30.48 x 16.75 x
12.7-cm dimensions. The slot 1is fed wuniformly through an
inclined perforated plate having 50 orifices of 1.47-cm diameter
(Figure 4).

Three wall static pressure taps and one thermocouple were
used to control the plenum air pressure and temperature levels.

3.1.2 Test Sections

Three different test section configurations (Figure 5) were
used in the present investigation. The dimensional parameters of
these test sections are summarized in Table 1.

Test Section I has a constant channel height (Hg = 10.16 cm)
and slightly more than 2Hy length to allow radial profile mea-
surements at X/Hg = 0.25, 0.5, 1.0, and 2.0.



TABLE 1. DEFINITION OF TEST SECTIONS

Test
Jet Section
Injection Conver-
Test Section Angle gence
Test Height (cm) (Degrees) Rate
Section Injection Exit -dh
Number Description Plane Plane Top Bottom dx
Constant -
I Height 10.16 10.16 90.0 90.0 0
Symmetric
II Convergence 10.16 5.08 104.0 104.0 0.50
Asymmetric
IIT Convergence 10.16 5.08 116.6 90.0 0.50

Test Section II is symmetrically converging with a conver-
gence rate (defined as -dh/dx)of 0.5; the corresponding inclina-
tion angle is 14.0 degrees for both top and bottom walls. The
jet injection angle is 104 degrees. The test section injection
to exit plane area ratio is 2.0. The duct height at the injec-
tion plane is 10.16 cm.

Test Section III is an asymmetric convergent duct with a
convergence rate equal to that of Test Section II. The bottom
wall of Test Section III is horizontal and the top wall inclina-
tion is 26.6 degrees with an attendant Jjet injection angle of
116.6 degrees.

All test sections have a 1.0.16-cm channel height at the
injection plane. The inlet channel heights of the Test I Section
is 10.16 cm whereas that of Sections II and III is 15.24 cm. To
match these inlet heights, the profile generator section height
was adjusted by means of a moveable bottom wall.



To provide a well-controlled boundary layer profile at the
injection plane, a boundary-layer trip (0.41-cm high and 0.33-cm
wide) was welded to the four walls of the test sections. The
trip is located 15.24 cm upstream of the jet injection plane.

A number of static pressure taps are installed on the four
walls of the test sections. As delineated in Figure 6 for Test
Section I, a total of 32 wall taps were used to measure static
pressure distribution. Four thermocouples (two thermocouples
extending from the top wall and two through the bottom wall) were
used for monitoring the mainstream gas temperature levels. These
thermocouples were immersed 1.27 and 3.81 cm from the bottom and
top walls, respectively.

3.1.3 Dilution Orifice Plate Geometry

Five circular dilution orifice configurations were used in
this investigation. Table 2 gives the important dimensions of
the orifice plates. Some of these orifices are illustrated in
Figure 7. These plates are designated by 3-set numerals indicat-

ing aspect ratio, S/D and Hg/D. The aspect ratio is unity for
circular orifices.

These orifice plates gave the following variations in the
orifice sizes (D), S/D and Hp/D:

D 1.27, 1.80, and 2.54 cm
s/bD 2.0, 2.83, and 4.0
Ho/D 4.0, 5.67, and 8.0

Where Hg (test section height) = 10.16 cm

10



TABLE 2. DESCRIPTION OF DILUTION ORIFICE PLATES

Orifice
Diameter, D Number of
Designation (cm) Orifices S/D HO/D S/H0
01/02/04 2.54 6 2 4 0.50
01/04/04 2.54 3 4 4 1.00
01/02/08 1.27 12 2 8 0.25
01/04/08 1.27 6 4 8 0.50
01/03/06 1.80 6 2.83 5.67 0.50

w0
]

Orifice center-to-center spacing

Ho Test section height at the jet injection point

In addition to the above orifice plates, tests were also
performed with two-dimensional slots and a row of square holes.
These tests were limited to single-sided jet 1injections. The
length of the slots used in these tests was 29.7 cm. The widths
of the two slots investigated were 0.5144 and 1.024 cm, respec-
tively. The orifice plate with square holes had 3 orifices with
center-to-center orifice spacing of 9.0 cm. The sides of the
square holes had the dimension of 2.25 cm. This orifice plate
has the same orifice geometrical flow area as Plate No. 01/04/04.

3.2 Test Facilities

The test rig was installed in Combustion Test Cell C-100.
Three separate nonvitiated air supplies were used to control flow
conditions of the mainstream, profile generator, and dilution
jets.

11



The mainstream air temperature was regulated from ambient to
725K. For the majority of the test cases the mainstream nominal
temperature and flow rate were 644K and 0.27 kilogram/second
(kg/sec), respectively. The mainstream temperature was measured
by thermocouples located at the test section entrance. A stan-
dard ASME orifice section installed in a 1l5-cm inside diameter
pipe was used for measuring the mainstream airflow rate.

A second, separately controlled air supply was used for the
profile generator, which can be installed in either the top or
bottom walls of the test rig. The mainstream profile was
adjusted by varying the pressure drop across the profile genera-
tor and the attendant airflow rate. The airflow rate was mea-
sured by an ASME orifice in a 7.62-cm inside diameter pipe. ‘

A third air supply was used for controlling the top and bot-
tom dilution jet flow conditions. Additional flow control valves
were installed in the top and bottom dilution jet flow lines to
facilitate independent control of the jet flow rates. The dilu-
tion jet temperature was maintained at the ambient température
and no external heater was required for the test cases. The
dilution air flow rates were measured using a standard bellmouth
'nozzle section.

12



4.0 DATA ACQUISITION AND REDUCTION

4.1 Data Acquisition

The dilution Jjet mixing characteristics were determined by
measuring temperature and pressure distributions within the test
section at different axial stations. A traversing probe (Figure
8) was used for this purpose.

The probe consists of a 20-element thermocouple rake sur-
rounded by 20 total-pressure sensors on one side and 20 static-
pressure rakes on the other side. The nominal transverse spacing
between the thermocouple rake and the total pressure rake is
0.508 mm., The spacing between the thermocouple and the static
pressure elements is 0.508 mm.

The height of the probe between the top and the bottom ele-
ments is 9.35 cm. The first element is located 0.405 cm from the
top wall of the constant-height test section (Test Section I).
All the elements are equally spaced in the vertical direction,
providing a nominal spacing of 0.492 cm.

The total-pressure sensor elements are made of Inconel tubes
with an outside diameter of 0.16 cm and a wall thickness of
0.023 cm. The internal conical design of the tube at the inlet
provides a ¥15 degree flow insensitivity angle. The static pres-
sure tubes, similar to the total pressure sensors, are dead-ended
with four bleeding holes of 0.03-cm diameter 90 degrees apart and
0.7 cm from the tip. The total temperature sensors are type K
thermocouple wires with insulated junctions encased in 0.10-cm
inside diameter tubes, supported by 0.21 cm inside diameter enve-
loping tubes. The insulated junction tubes exposed to the air
stream are 0.76-cm long. The sensing elements have a straight
length of 1.52 cm or more before the first bend to the probe core

13



where all tubes are inserted in a rectangular probe shield, 4.32
x 0.67 cm.

The probe is mounted on a traversing system (Figure 9) that
allows travel in three directions. This system allows for a
30.48 cm traverse in the X-direction (mainstream flow direction)
and 22.86 cm in the radial (Y) and transverse (Z) directions with
an accuracy of *0.015 percent. The flow field mapping in the Z
direction is done over a distance equal to 1.0 or 1.5 times the
hole spacing (S) for in-line or staggered configurations, respec-
tively. The measurements in the 2 direction for single-sided
injections and in-line configurations with two-sided injection
were made at the eleven transverse planes identified by 2/S =
-0.5, -0.4, -0.3, -0.2, -0.1, O, 0.1, 0.2, 0.3, 0.4, and 0.5,
where %Z/S = 0 denotes the center of the orifice. For the stag-
gered configuration with two-sided injection, the measurements
were for a total of sixteen transverse planes made at 2/S = -0.5
to 1.0 at intervals of 0.1l. The measufements in the X-direction
were made at the four axial planes X/Hg = 0.25, 0.5, 1.0, and
2.0. The probe was traversed over a matrix of 11 x 4 survey
locations for in-line orifice configurations and 16 x 4 for stag-
gered configurations.

The temperature and pressure values from the test rig
instrumentation were recorded on magnetic tape through a central
computerized data acquisition system. An on-line data display
system provided real-time information on selected raw data for
monitoring the flow conditions. The raw data from the magnetic
tape was later used for detail data reduction, analysis, and cor-
relation.

14



4.2 Data Reduction

The rectangular grid network at which the measurements were
made can be described with the aid of Figures 1 and 10. The
X-axis is the axis along the length of the duct in the direction
of the bulk flow. The X=0 station is located at the jet injec-
tion plane. The Y-axis (radial direction) is the direction along
the jet injection direction. The Y=0 plane is located at the top
jet orifice exit plane. The Z-axis is in the cross-stream direc-
tion. The Z=0 plane is the vertical X, Y plane at a jet center-
line. The streamwise (X) and radial (Y) distances are nondimen-
sionalized by Hg, the channel height at the jet injection plane.
The lateral distance, Z, is nondimensionalized by S, the dilution
orifice spacing.

The measured gas temperature distributions are presented in
a nondimensionalized form as:

Tm - T(X, ¥, 2)

where,

Tp Or TMAIN

Mainstream stagnation temperature

Tj or TJET

Average jet stagnation temperature

T(X, ¥, Z)

Stagnation temperature at the point (X, Y, 2) in
the flow field.

# is a measure of the temperature change due to the jet at

any point (X, Y, %) compared to the maximum possible temperature
change and can vary from 0.0 to 1.0. 6 is equal to zero when the

15



local temperature equals the mainstream temperature; and 0 is
1.0 when the local temperature equals the jet temperature. When
the jet and the mainstream are perfectly mixed, the local tem-
perature reaches ideal equilibrium temperature, Tgg, given by

My Ty + M o
Tgg = 0 M 9T

m. + mg

The ideal equilibrium temperature difference ratio (fgg or
THEB) is defined as

OEB = Tm - TeB

The parameter, Ogp, provides a measure of the quality of the jet
mixing. The arithmetic average temperature (Tay) at any X plane

and the corresponding 6ay (= ;E:_%El)are also presented with the
m~ 43

reduced data to providé the information on the average value of

the temperature field at that plane.

The measured § values are presented in three-dimensional
(oblique) plots at each X-station. The oblique plots provide a
convenient means of presenting the jet trajectory and mixing.
The measured 6 values are also presented in the form of isopleths
for each X-station for the purpose of detailed comparison with
correlations. These plots are presented over a 2S span in the Z
direction by assuming symmetry of the 6 distribution with respect
to the midplane between two orifices. This assumption was
invoked only for the purpose of improving the clarity of visual
presentation of the temperature distribution. The accuracy of
this assumption depends upon the uniformity of flow distribution
across the jet orifices. Preliminary tests were performed to

16



ensure that the jet mass flow was uniformly distributed over the
entire orifice plate configuration. A comparison of the data and
correlations is presented in a radial profile of 6 versus Y/Hg
along the jet centerplane at each of the measured X/Ho stations.

The pressure recordings from the probe rake were used to
compute the velocity V(X,Y¥,Z) at the point (X,¥Y,2). An inter-
polation scheme was used to compute pressure (Pg) values at the
point where probe thermocouples are located. From these total
and static pressures, a nondimensionalized velocity, V(X,Y,Z)/Vj,
was computed. V(X,Y,Z) is obtained from

v,z = {2 [Pe (%2 - Ps (1,00 /0 (x,¥,2) | /2
The jet velocity, Vi, is calculated from
vy = 4 mj /(pJ NmD2 CD)
where D is the orifice diameter, N is the number of orifices, Py

is the jet density (Pj/RTj), and Cp is the orifice discharge
coefficient.

The orifice discharge coefficients were determined by mea-
suring the pressure drop across the orifice plate (without cross-

flow) for a range of mass flow rates. The discharge coefficient,
Cp, was obtained from the relation

AP = 1,99 [_¥c 2
P ACD

where, W, is the corrected flow rate in lbm/gec and A is the geo-

metric area of the orifices in square inches.

. . /B _ T(R) _ -P(psi)
Note: W, = Wy 35— F = STy gy and 0= 14.696
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The velocity vector in the vicinity of the jet injection
plane is predominantly in the radial direction. In such regions,
the velocity values obtailined from the rake probe are not expected
to be accurate. For the sake of brevity, the measured velocity
distributions are not presented in this report. However, tables
of nondimensional velocity distribution, V(X,Y,2)/V5, in addition
to total and static pressure distributions, are provided for each
test case in the Comprehensive Data Report (CDR) on this program.

An important parameter relevant to the jet description is
the jet momentum flux ratio, J, defined as

J = pyV42 / (PpVp?)

where

©
.
[}

Jet density

Mainstream density = P/ (RTp)

©
=)
]

Vj or VJET = Jet velocity at the orifice Vena Contracta
Vp or VMAIN = Mainstream Velocity = M/ (PmAm)
Ap = Effective mainstream flow area.
‘'Other flow parameters of interest are:
Mass flux ratio (blowing rate), M or BLORAT = PjVj/pme
Temperature ratio, TRATIO = T5/Tp

Density ratio, DENRATIO = pj/pm

18



Velocity ratio = V4/Vp

The geometric parameters of importance associated with the ori-
fice configuration are: S/Dj and Ho/Dj, where Dj is the effective
jet diameter defined by

Dj=D Cp

The quantities described in this section define the geomet-
ric and flow conditions of each test and are reported along with
the reduced data.

The average mainstream velocity, VL and the average jet
velocity, Vj, are mass weighted average values for the test.
They represent the correct momentum flux for the mainstream and
the jet respectively. For the two-sided injections, this pro-
cedure 1is adopted for the top and the bottom injections while
reducing the test data. The results are presented in non-
dimensional form tfor the two-sided injection as:

Tm - T
6 = —
where, Ty = (TjT + TjB) /2

with TjT and TjB being the stagnation temperatures of the top and
bottom jets, respectively.
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5.0 EXPERIMENTAL DATA DISCUSSION

The Phase II test program was divided into four test series
(Series 5 through 8). Series 1 through 4 testing was conducted
during the Phase I program(5)., For each of the Phase II test
series the measured data and predictions obtained from the cor-
relations are discussed in the following paragraphs.

5.1 Series 5 Tests

The purpose of this test series was to investigate the jet
penetration and the mixing characteristics of two-sided dilution
jets injected into an isothermal, hot confined cross-flow in a
straight duct (Test Section I) with a channel height of 10.16 cm.
The jet configurations studied in this series included in-line
and staggered arrangements. A total of 12 tests were performed.
The orifice geometrical description and the nominal flow condi-
tions are listed in Table 3.

Test No. 1 used two identical orifice plates (01/02/08) 1in
an in-line configuration. The momentum flux ratio of the top jet
(Jp) was 6.81, whereas that of the bottom jet (Jg) was 6.88.
Figure 11 illustrates the measured distribution of non-
dimensional temperature difference (6).

The top part of Figure 11 shows the oblique plot of the 6
profiles at four axial stations of X/Hg = 0.25, 0.5, 1.0, and
2.0. The bottom part of the figure shows the measured contours
for the corresponding stations.

The mixing performance for any given configuration can be
estimated from the deviation of 6 distribution about 6gg. A
small deviation from 6gp characterizes nearly complete mixing of
the jet and the mainstream. The f6gp value for Test 1 is 0.1982,
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which corresponds to Contour 4. In Figure 11, the 6gp contours
are deformed by the penetration of the jets. This deformation is
gradually smoothed out farther downstream. The location of the
jet centerline can be identified from the centroid of the largest
contour value. For Test 1, at X/Hg = 0.25, the jet centerline is
inside Contour 10, which is at Y/Hg = 0.20.

The jet spreading in the transverse (2Z) direction can be
inferred from the smoothness of the contour shapes. For Test No.
1, the presence of the individual jets can be seen at X/Hg = 0.25
and the jets rapidly merge with adjacent jets beyond X/Hg = 0.5.
The mixing in the radial (Y) direction is substantially slower
than that in the transverse direction.

The predicted theta distributions for Test No. 1 obtained
from the correlations are illustrated in Figure 12. The details
about the correlations are described in Paragraph 6.1.1. 1In Fig-
ure 12, the top part shows the predicted theta contours, while
the bottom part illustrates the comparison between measured and
predicted centerplane theta profiles. The predictions are repre-
sented by solid lines and the data by symbdls. The correlations
accurately predict the centerplate theta profiles in the region
of interest. However, the correlations underestimate the jet
mixing in the transverse direction as shown by the bottom part of
Figure 11 and the top part of Figure 12.

Figure 13 shows the measured theta distributions for Test
No. 2 with orifice plates 01/02/08 in an aligned configuration at
Jp = 24.95 and Jg = 24.76. At this test condition, the jets
penetrate to about 30 percent of the duct height at X/Hg =0.25.
At this axial station, the jets have not merged with the adjacent
or the opposing jets. At X/Hg = 0.5, the jets begin to interact
with each other and approach the equilibrium theta value, 0gp =
0.3179 (contour 6) at X/Hg = 1.0. For this case, mixing in both
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radial and transverse direction is rapid, and the mixing rates
are faster than that seen in Test 1. '

Test No. 2 uses the same orifice geometry as is used in Test
No. 5 in Reference 5, at comparable momentum flux ratio. How-
ever, the test with two-sided injection (Test No. 2) has twice
the jet flow rate. Comparison between the data for two-sided
injections (Figure 13) and single-sided injection (Figure 20 of
Reference 5) shows that the jet penetration is reduced, however,
the mixing rate is faster for two-sided injections compared to
the single-sided row of jets.

The predicted theta distributions for Test No. 2 are pre-
sented in Figure 14. At X/Hg = 0.25, the correlations accurately
predict the transverse as well as radial theta variations. Fur-
ther downstream, the model slightly underestimates mixing rates
in the transverse and the radial directions.

Figure 15 presents the measured theta distributions for Test
No. 3 with orifice platés 01/02/08 in an aligned configuration at
Jp = 101.83 and Jg = 104.31.  For this test case, the jets
impinge against each other near mid-channel at X/Hp = 0.25. As a
result of this impingement, the Jjets are well mixed with the
neighboring jets thereby resulting in little variation in the
transverse direction. The jet mixing in the radial direction
continues beyond X/Hg = 1.0. ’

The predicted theta distributions for Test No. 3 are illus-
trated in Figure 16. The predicted theta contours are in good
agreement with the data (bottom part of Figure 15) throughout the
region of interest. The jet spreading in the radial direction is
slightly underpredicted.
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Test 4 used orifice plates 01/02/08 in a staggered arrange-
ment with Jp = 6.53 and Jg = 6.59. The measured theta distribu-
tions are presented in Figure 17. The jet penetration in Test 4
is approximately 20 percent of channel height at X/Hg = 0.25.
Comparing Figures 11 and 17 shows that the mixing characteristics
for orifice plate 01/02/08 are similar for both the in-line and
staggered arrangements. For small orifice spacings (S/D < 2),
the jet interactions produce little temperature variations in the
transverse (Z) direction. Therefore, the differences between
characteristics for in-line and staggered configurations are

minimal for orifice plate 01/02/08.

The predicted theta distributions for Test No. 4 are pre-
sented in Figure 18. The predictions for staggered injection are
obtained by superimposing the correlations for one-sided injec-
tions from the top and the bottom. The description of the corre-
lations is given in Paragraph 6.1.2. The radial profiles shown
in Figure 18 are for the X-Y plane in-line with the top jet. The
correlations overpredict the jet penetration and the mixing in
the radial direction. The predicted jet spreading rate in the
transverse direction compares well with the data.

The correlations for staggered injections show poor agree-
ment with the data for orifice plate 01/02/08. Test No. 4 (with
staggered injections) has comparable momentum flux ratio with
Test No. l‘(with in-line injections). Comparisons of the theta
distributions for these two tests (Figure 18 and Figure 11) show
similar characteristics. Due to the similarities between the
two, in-line correlations were used to obtain predictions for
Test No. 4. These results are shown in Figure 19. The predicted
centerplane theta profiles for this case are in good agreement
with the data. Comparing Figures 17 and 19 shows that the corre-
lations underestimate the mixing in the transverse direction.
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The in-line correlations give better agreement than do the super-
imposed correlations.

Figure 20 shows the measured theta distributions for Test
No. 5 with orifice plates 01/02/08 in staggered arrangement with
Jp = 25.17 and Jg = 24.7. At X/Hg = 0.25, the jets penetrate to
about 35 percent of the local channel height. Beyond this axial
station, the jet mixing continues gradually. Relatively uniform
stream condition is approached at X/Hg = 2.0. Comparing Figures
13 and 20 shows that at the comparable momentum flux ratio, the
difference in the mixing characteristics between in-line and
staggered configurations are negligible for closely spaced (s/D =
2) small orifices (D = 1.27 cm).

The predictions obtained from the superimposed correlations
for Test No. 5 are illustrated in Figure 21. At X/Hg = 0.25, the
correlations underestimate the peak 6 values but correctly pre-
dict the Jjet penetration. The prediéted jet spreading in the
transverse direction is faster thlan that indicated by the data.
The agreement between predicted and measured radial profiles pro-
gressively improve with increasing axial distance.

The predicted theta distributions for Test No. 5 using the
correlations for in-line injections are illustrated in Figure 22.
An improved agreement is achieved (Figure 22), compared to the
results shown in Figure 21.

Figure 23 shows the measured theta distributions for Test
No. 6, (orifice plates 01/02/08) in staggered arrangement (Jp =
99.3 and Jg = 97.3). For this case, even though the jets are in
staggered arrangement, the measured theta profiles are similar to
that of in-line jets presented previously in Figure 15. There is
little difference in the mixing characteristics between in-line
and staggered configurations at the high momentum flux ratio.
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This conclusion was also reached for the low and medium momentum
flux ratios with orifice plate 01/02/08.

Figure 24 shows the predicted theta distributions <from
superimposed correlations for Test No. 6. For this case, the
correlations slightly underestimate the mixing in the radial
direction at X/Hg = 0.25. Further downstream, the agreement
between data and correlations is very good.

Figure 25 shows the theta distributions for Test No. 6 pre-
dicted by the correlations for in-line injection. The predicted
and measured centerplane profiles are in good agreement through-
out the region of interest. For this high momentum £flux ratio
(J = 99), the correlations show smaller differences between in-
line and staggered configurations than those observed for the low
and medium momentum ratio test cases.

Tests Nos. 1 through 6 were performed with orifice plate
01/02/08 which has S/D = 2, Hg/D = 8, and D = 1.28 cm. Tests
Nos. 7 through 12 were performed with orifice plate 01/04/08 (S/D
= 4, Hg/D = 8 and D = 1.28 cm). These tests included both in-
line and staggered orifice configurations.

Figure 26 displays the measured theta distributions for Test
No. 7 with orifice plates 01/04/08 in aligned configuration with
Jp = 7.85 and Jg = 7.81. At X/Hp = 0.25, the jets penetrate up
to about 30 percent of local channel height. At this axial sta-
tion, the jets do not interact with each other. Beyond X/Hgp =
0.25, the jets gradually mix with the mainstream and the adjacent
jets and approach equilibrium theta value of 0.1121 at X/Hg =
2.0. Comparing Figures 26 and 11 shows that with increasing S/D,
the mixing rate in the transverse direction is reduced and the
jet spreading rate in the radial direction is increased.
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The predicted theta distributions for Test No. 7 are shown
in Figure 27. The correlations slightly overestimate the jet
penetration and peak theta values. The jet spreading in the
radial and the transverse direction are accurately predicted by
the correlations. Comparing Figures 12 and 27 reveals that the
correlations also show an increased mixing rate with increasing
s/D.

Figure 28 shows the measured theta distributions for Test
No. 8 with orifice plates 01/04/08 in aligned configuration with
Jp = 27.92 and Jg = 27.32 (medium momentum flux ratio). For this
test case, the jets impinge with the opposing jets near mid-
channel at X/Hg = 0.25. At this station the adjacent Jjets have
minimum interaction. Further downstream an increasing level of
jet interaction can be seen. The jets gradually mix in the
radial and the transverse direction and approach the equilibrium
conditions (fgg = 0.1896). Comparing Figures 13 (S/D = 2.0) and
28 (S/D = 4.0) shows temperature uniformity in the transverse
direction is achieved at X/Hg = 0, whereas the radial temperature
gradients exist even at X/Hg = 2.0. The jet penetration and the
mixing rates in the radial direction are enhanced by increasing
jet spacing from 2D to 4D.

The predicted theta distributions for Test No. 8 are shown
in Figure 29. The correlations slightly overestimate the jet
penetration and the spreading in the radial direction. The pre-
dicted and measured jet spreading in the transverse direction are
in good agreement. The overall agreement between data and corre-
lations is good. |

Figure 30 gives the measured theta distribution for Test
No. 9 with orifice plates 01/04/08 in aligned configuration with
Jp = 108.3 and Jg = 107.0 (high momentum flux ratio). The jets
injected from the two sides of the duct impinge against each
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other near mid-channel at X/Hp = 0.25, and the variation in the
transverse direction is small. The jets gradually mix with the
mainstream and reach equilibrium theta value of 0.3271 at X/Hgy =
2. Comparing Figures 15 (S/D = 2.0) and 30 (S/D = 4.0) shows
that, for S/D = 2.0, the theta isopleths are essentially hori-
zontal 1lines, while for S/D = 4.0, the theta isopleths show
larger variation in the transverse direction. This demonstrates
that with increasing S/D ratio, the mixing rate in the transverse
direction is decreased.

The predicted theta distributions for Test No. 9 are pre-
sented in Figure 31. The correlations for this test case
slightly underestimate the jet spreading in the transverse direc-
tion. The correlations correctly estimate the mixing in the
radial direction.

Figure 32 presents the measured theta distribution for Test
No. 10 with orifice plates 01/04/08 in staggered configuration
(Jp = 5.97 and Jg = 6.14). At X/Hg = 0.25, the jets penetrate to
about 0.25 channel height. They share little interaction with
adjacent or opposing jets. The jets gradually mix with the main-
stream and the adjacent jets and approach equilibrium conditions
(bgg = 0.1019) at X/Hg = 2.0. Comparing the relative performance
of in-line (Figure 26) and staggered (Figure 32) two-sided injec-
tions with momentum flux ratio (J =~ 7.0) shows that the
asymptotic theta distribution is similiar and that at the initial
stations, the contours are displaced in the transverse direction
in the staggered configuration.

Figures 17 (S/D = 2.0) and Figure 32 (S/D = 4.0) show the
effect of orifice spacing on mixing characteristics for staggered
jets with low injection velocities. Better transverse-direction
mixing is achieved with closely spaced orifices even though the
jet momentum flux ratio is low (approximately 6.0).
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The predicted results for Test No. 10 are presented in Fig-
ure 33. At X/Hg = 0.25, the predicted mixing rates are faster
than measured data. The predicted peaks of 6 are approximately
half of the measured peaks. The correlation progressively
improves with increasing axial distance, i.e., X/Hg.

Figure 34 shows the measured theta distributions for Test
No. 11 with orifice plates 01/04/08, in staggered configuration
(Jp = 25.68 and Jg = 25.69). At X/Hg = 0.25, the jets penetrate
to about 40 percent of the channel height. The jets have sig-

nificant interaction with opposing and adjacent jets. At the
downstream stations, the jets rapidly mix with the mainstream and
approach equilibrium conditions (6gg = 0.1888).  Comparing the
mixing performances of in-line (Figure 28) and staggered (Figure
34) configurations shows that for the staggered injections, the
jet spreading rate in the radial direction is faster than that of
the in-line arrangement. However, the jet spreading rate in the
transverse direction for the in-line configuration is faster than
that for the staggered injections.

The predicted theta distributions for Test No. 11 are shown
in Figure 35. At X/Hg = 0.25, the predicted radial profile shows
relatively large deviations in theta values from the data. How-
ever, the predicted results correlate well with the data at the
downstream stations. The correlations underestimate ‘the jet
spreading in the transverse direction. The overall agreement
between data and predictions is good. '

Figure 36 presents the measured theta distributions for Test
No. 12 with orifice plates 01/04/08 in staggered configurations
(Jp = 103.1 and Jg = 104.3). At X/Hp = 0.25, the jets impinge on
the opposite wall. The mixing rate is enhanced beyond that sta-
tion. Comparing the mixing characteristics between in-line and
staggered injections (Figures 30 and 36, respectively) shows sub-
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stantial differences between the two arrangements for X/Hg < 2.0.
However, at X/Hg = 2.0, both in-line and staggered injections
give nearly uniform theta distributions with values corresponding
to equilibrium conditions (0gB) .

The predicted theta distributions for Test No. 12 are shown
in Figure 37. The correlations underestimate the jet penetration
and the maximum theta value. The agreement between data and cor-
relations for this case is poor. For this test case, the jet to
mainstream mass flow rate ratio is 0.47, which is too high for
practical situations.

5.1.1 Test Series 5 Conclusions

Test Series 5 was performed with a constant cross-sectional
area duct and uniform mainstream temperature. Two orifice plates
(01/02/08 and 01/04/08) were used to study the mixing charac-
teristics in two-sided, aligned and staggered dilution jet con-
figurations. Model correlations have been obtained for two-sided
injections and predictions were compared with test data. The
following conclusions are made from these efforts:

o The jet penetration for two-sided in-line jet configu-
rations is less than that for single-sided jet injec-
tion. However, the jet spreading rates in the radial
and transverse directions are faster for two-sided
injection at a given momentum flux ratio.

o The jet spreading rate in the transverse direction is
faster with inliine configuration than with the stag-
gered arrangement of jets for a given orifice plate and
momentum flux ratio.
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The jet mixing characteristics with in-line and stag-
gered configurations for the orifice plate 01/02/08
(/b = 2, Hg/D = 8), are almost identical at a given
momentum flux ratio.

The mixing characteristics for orifice plate 01/04/08
(/D = 4, Hg/D = 8) with in-line arrangement is sub-
stantially different from the staggered arrangement.
The jet spreading rate in the radial direction is
slightly faster with orifice plates in staggered con-
figuration.

The correlations developed in this program predict the
temperature distribution within engineering accuracy
and provide a very useful tool for predicting the
thermal trajectory and temperature profiles for opposed
jet injections into a confined cross flow. The corre-
lations predict the temperature field accurately for
in-line configuration of jets. The correlations for
staggered arrangements gives only qualitative agree-
ments with data and further efforts are needed to
refine the correlations.

For in-line injections, with equal momentum flux ratios
for the opposing jets, the effective channel height is
half of the duct height.

For a constant momentum £flux fatio, comparison between
data for single-sided and two-sided injections shows
that the optimum ratio of orifice 'spacing to duct
height with in-line injections (S/H) is 1/2 of the
optimum value for single-sided injection. For stag-
gered injections, the optimum S/H ratio is twice the
optimum value for single-sided injection. The optimum



value of S/H for single-sided injection has been shown
to be (Reference 14)

(S/D)opt = 2.5A/J.

5.2 Series 6 Tests

The objective of this test series was to investigate the
mixing characteristics of two-sided, in-line and staggered jJjet
injections with a confined cross—-flow having non-uniform tempera-
ture and velocity distribution upstream of the jet injection
plane. In this test series, the non-uniform mainstream tempera-
ture was generated by using a profile generator described in Sec-
tion 3.0. A total of six tests were performed, with orifice
geometries and flow conditions as listed in Table 4. The profile
generator was located near the top wall of the test section and
the resulting mainstream profiles are referred to as "top cold."
Tests 13 through 15 were conducted with orifice plate 01/02/08
and Tests 16 through 18 were performed with orifice plate
01/04/08.

The mainstream temperature profiles generated in this test
series are illustrated in Figure 38 in a non-dimensional form,

Op:
T - T _(y)
max
0p(¥) = - —
Thax ~ T3
where
Thmax = Maximum value of the profiled mainstream

stagnation temperature.
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Tp(y) Local value of the mainstream stagnation tem-

perature upstream of the jet injection plane.

T,
J

n

Average jet stagnation temperature.

The nondimensionalized temperature variable, 60, represents
the ratio of actual temperature change due to the dilution Jjets
to the maximum possible temperature change for any given flow
condition. The value of 6 will always be bounded between 0 and
1l. For Test Series 6 cases, the 6 definition was modified to:

Tmax - T(x,Y,2)

0(x,y,2) = —
Thax ~ Tj

The NASA/Garrett correlations for these test cases were also
modified to be consistent with this theta definition. Details of
these modifications are presented in Paragraph 6.1.3.

Figure 39 shows the measured theta distributions for Test
No. 13, with top cold profile (Jp = 24.63, Jg = 24.72, S/D = 2
and Hg/D = 8). For this test case, the orifice plates were in an
aligned configuration. The test data shows that the jets pene-
trate to about 30 percent of the duct height at X/Hg = 0.25.
Beyond that axial station, the jets gradually spread in the
transverse and radial directions. At X/Hg = 2, the theta distri-
butions show little variation in the transverse direction, yet
the radial profiles retain a shape similar to that of the main-
stream theta profile (Figure 38). Comparing the data for the
isothermal mainstream (Figure 13) and the profiled mainstream
(Figure 39) with the same orifice plate and comparable momentum
flux ratio shows that the jet penetration and mixing characteris-
tics for the two cases are similar. The shape of the theta dis-
tributions with profiled mainstream suggests that accurate pre-
dictions may be obtained by superimposing the mainstream theta
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profile on the correlations for isothermal mainstream tempera-
ture.

Figure 40 shows the predicted theta distributions for Test
No. 13. The precicted results were obtained by superimposing
the mainstream theta profile, 6p(y), on the NASA/Garrett correla-
tions for two-sided jet injections with uniform mainstream tem-
perature. A detailed description of this method is described in
Paragraph 6.1.3. The predicted theta profiles are in good agree-
ment with the data in the regions close to the injection plane.
Beyond X/Hg = 1, the predictions show profiles very similar to
the data, but the quantitative agreement between data and corre-
lations is poor. Perhaps a suitable scaling parameter is needed
to improve the agreement between data and correlations. These
results demonstrate the dominance of the mainstream theta profile
and the validity of the superposition scheme.

Figure 41 displays the measured theta distributions for Test
No. 14 with top cold mainstream profile and orifice plates
01/02/08 in staggered configuration (Jp = 6.02 and Jg = 6.21).
At X/Hg = 0.25, the jets penetrate to about 20 percent of the
channel height. They gradually spread in the transverse direc-
tion at the downstream stations. At X/Hg = 2.0, the theta pro-
files have a shape very similar to the mainstream theta profile
(Figure 38).

The predicted theta distributions for Test No. 14 are shown
in Figure 42. The predicted theta profiles were obtained by
superimposing the mainstream profile on the correlations for
staggered injection with constant mainstream temperature. The
correlations show the same trends as seen in the data. It is
recalled, that for orifice plate 01/02/08 with uniform mainstream
conditions, the mixing characteristics for staggered configura-
tion were very similar to those for the in-line arrangement.
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Therefore, an attempt was made to obtain predictions for Test No.
14 using correlations for the in-line arrangement. These results
are presented in Figure 43. Comparing Figures 42 and 43 shows
that an improvement over the radial profiles is obtained by using
the correlation for in-line injection for orifice plate 01/02/08.

Figure 44 presents the measured theta distributions for Test
No. 15 with orifice plates 01/02/08 in staggered arrangement (Jp
= 23.77 and Jg = 23.44). The mixing characteristics for in-line
(Figure 39) and staggered (Figure 44) injections into a profiled
cross-flow have almost identical theta distributions atmfhe same
momentum flux ratio.

‘The predicted theta distributions for Test No. 15 are shown
in Figure 45. The predicted results overestimate the mixing in
the transverse direction. The predicted radial profiles are 1in
qualitative agreement with the data. 1In view of the similarities
of theta profiles between the in-line and staggered arrangements,
predictions were also obtained from the correlations for the in-
line arrangement. These results, shown in Figure 46, are 1in
better agreement with the data than the correlations presented in
Figure 45. The correlations overestimate the Jjet centerline
theta values, but the jet half-widths are correctly predicted.

Figure 47 shows the measured theta distributions for Test
No. 16 with orifice plates 01/04/08 in aligned configurations,
(Jp = 23.6 and Jg = 24.16). At X/Hg = 0.25, the jets penetrate
to about 35 percent of channel height. They have little inter-
action with adjacent jets. At the downstream stations, the jet
spreading rate is faster in the transverse direction than in the
radial direction. The lateral jet spreading rate on the hot side
(bottom) is faster than that in the cold side (top) of the duct.
The mainstream profile has a dominant influence on the mixing
characteristics. Comparing the data for S/D = 2.0 (Figure 39)
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and S/D = 4.0 (Figure 47) shows that as S/D increases, the gradi-
ents in the transverse direction also increase. However, at X/Hp

= 2, the differences between the profiles for S/D = 2 and S/D = 4
are minimal.

The predicted theta distributions for Test No. 16 are shown
in Figure 48. The predictions overestimate the mixing in the
radial direction. The jet spreading rate in the transverse direc-
tion, however, is more accurately estimated by the correlations.
The overall agreement between data and predictions is poor.

Figure 49 represents the measured theta distributions for
Test No. 17 with orifice plates 01/04/08 in the staggered config-
uration, (Jp = 23.62 and Jg = 24.08). The momentum flux ratios
for this test case are almost the same as that for ih—line injec-
tions (Figure 47). Comparing Figures 49 and 47 shows that
although some similarities exist between the two theta profiles,
the staggered arrangement has a slower jet spreading rate in the
transverse direction and a faster spreading rate in the radial
direction than those for in-line injections.

The predicted theta distributions for Test No. 17 are
presented in Figure 50. The predicted theta distribution over-
estimates the jet spreading in the transverse direction. The
predicted radial profiles are in good agreement with data in
regions close to the jet injection station. Poor agreement
exists between the two profiles at X/Hgp = 2, even though the
trends are correctly predicted.

Figure 51 portrays the measured theta distributions for
Test No. 18 with orifice plates 01/04/08 in staggered configura-
tion, (Jp = 99.52 and Jg = 99.27). At X/Hg = 0.25, the Jjets
impinge on the opposite wall. The jets rapidly mix with the
mainstream and the adjacent jets and approach equilibrium condi-
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tions at X/Hg = 2.0. The ratio of total jet to mainstream mass
flow rate for this test case is 0.47. This ratio is much higher
than the practical combustor operating conditions. Because of
the high mass flow ratio, the mixing process in this case is
influenced by the mainstream profile to a lesser extent than at
the lower momentum flux ratio test conditions.

The predicted theta distributions for Test No. 18 are pre-
sented in Figure 52, The correlations underestimate the jet
penetration. Due to the high ratio of jet-to-mainstream mass
flow rate, the validity of the superposition scheme used in the
correlations 1is questionable. Consequently, the comparison
between data and correlations is poor.

5.2.1 Test Series 6 Conclusions

The Test Series 6 were performed with constant cross-sec-
tional area duct and top cold mainstream temperature distribu-
tion. Two orifice plates (01/02/08 and 01/04/08) were used to
study the mixing characteristics of two-sided, aligned and stag-
gered configurations. The NASA/Garrett correlations have been
extended in the case of profiled mainstream. The following con-
clusions are made from these efforts:

o The mainstream profile has a dominant effect on the
radial profiles downstream of the injection plane at
low to moderate momentum flux ratios.

o The temperature distributions with in-line and stag-
gered arrangements are similar for orifice plate

01/02/08 at a given momentum flux ratio.

o The Jjet spreading rate in the radial direction is
faster for staggered injections than the in—line injec-
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tions with orifice plate 01/04/08 at moderate momentum
flux ratios.

o The Jjet spreading characteristics with profiled main-
stream are very similar to those with uniform main-
stream temperature.

o The correlations for in-line configurations are in
agreement with data. The correlations for staggered
injections show only qualitative agreement with mea-
surements. Further work is needed to improve the cor-
relations for staggered injections.

o The superposition procedure used for modifying the
NASA/Garrett correlations is sufficiently accurate for
dilution 2zone design purposes. The predicted results
for staggered injections are in relatively poor agree-
ment with the data, and further refinement of the cor-
relations is needed.

5.3 Series 7 Tests

The objective of Test Series 7 was to investigate the jet
penetration and mixing characteristics of two-sided dilution jets
injected into a hot-isothermal cross flow in a converging duct.
These tests were performed in a symmetrically converging duct
(Test Section II) with 4 orifice plate geometries and two flow
conditions for each geometry. The orifice plate configurations
and flow conditions used in Test Series 7 are listed in Table 5.
The convergent test section area ratio used in this test (Figure
5) was Ag/Apjn = 2, where Ap is the duct area at the jet injec-
tion plane and Apjp is the minimum area of the duct. The test
duct channel height was reduced from 10.16 cm (4 in.) to 5.08 cm
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(2.0 in) over a length of 10.16 cm (4 in.), i.e., 0.5 cm per cm
of length.

The jet injection angle in this case was 104 degrees. The
measurements for this test series were made at X/Hg = 0.25, 0.5,
and 1.0.

The Test Series 7 were performed with uniform mainstream
temperature profiles. The definition of theta needed to analyze
the data is

p= m -7
Tm - TJ
where
Tn = Mainstream stagnation temperature.
T = Local stagnation temperature.
Tj = Average jet stagnation temperature.

Figurev 53 represents the measured theta distributions for
Test No. 19 with symmetrically convergent duct, and orifice
plates 01/02/08 in aligned configuration (Jp = 25.98, and Jg =
25.56). At X/Hp = 0.25, the Jjets penetrate to about 35 percent
of local duct height. At X/Hg = 0.25 and 0.5, the data shows a
lack of symmetry. This is due to the interpolation procedure
used in generating the contour plots, in addition to possible
slight misalignments of the orifice plates. Comparing the data
for straight (Figure 13) and convergent ducts (Figure 53) at a
comparable momentum flux ratio with the same orifice plate con-
figuration shows that, with the flow area convergence, the mixing
rate is enhanced, especially in the transverse direction.
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The predicted theta distributions for convergent duct test
cases were obtained by modifying the NASA/Garrett correlations.
These modifications consider the effects of injection angle as
well as flow area convergence by using an equivalent momentum
flux ratio Jeq. Details of these modifications are described in
paragraph 6.1.4.

The predicted theta distributions for Test No. 19 using the
modified NASA/Garrett correlations are presented in Figure 54.
The predicted results underestimate the jet penetration and mix-
ing in both radial and transverse directions. The correlations
overestimate the peak theta values by about 25 percent. At
X/Hg = 1, however, the centerplane radial profiles are predicted
well. These correlations correctly predict the shapes of the
theta profiles throughout the region of interest.

Figure 55 presents the measured theta distributions for Test
No. 20 wusing the symmetrically convérgent duct with orifice
plates 01/02/08 in aligned configuration (Jp = 106.1 and Jg =
105.9). For this flow condition, the jets impinge against each
other near the center of the duct at X/Hg = 0.25. Consequently,
the theta profiles are almost invariant in the transverse direc-
tion. At the downstream stations (X/Hg = 0.5 and 1.0), the theta
profiles have a nearly uniform value corresponding to equilibrium
conditions (Agg = 0.5019). Comparing the data for straight
(Figure 15) and convergent ducts (Figure 55) shows that the flow
area convergence enhances mixing in both radial and transverse
directions.

The predicted theta distributions for Test No. 20 are shown
in Figure 56. As observed in Test No. 19, the correlations
underestimate the jet penetration and the mixing in the radial
and transverse directions. The predicted radial theta profiles
are within 20 percent of the data.
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Figure 57 (Test No. 21) depicts the measured theta distribu-
tions, using symmetrically convergent duct with orifice plates
01/04/08 in staggered arrangement, (Jp = 25.92 and Jg = 24.86).
At X/Hg 0.25, the Jjet penetration is about 40 percent of local
channel height. The jets gradually spread in the radial and
transverse directions and approach equilibrium theta value
(bgg = 0.1929) at X/Hgp = 1.0. Comparing the data for straight
(Figure 34) and convergent ducts (Figures 57) shows that conver-
gence tends to improve the mixing in the radial direction.

The predicted theta variations for Test No. 21 are shown in
Figure 58. The predicted radial profiles at X/Hg = 0.25 are
smaller in magnitude compared to the data. But the agreement
between data and correlations are good at X/Hg = 0.5 and 1.0.
The predicted theta contours compare favorably with those corres-
ponding to the measurements.

Figure 59 represents the measured theta distributions for
Test No. 22 with orifice plates 01/04/08 in staggered configura-
tion (Jp = 107.9 and Jg = 109.6). At X/Hg = 0.25, the Jjets
impinge on the opposite wall and the theta profiles ére nearly
uniform with the equilibrium theta value 6gg = 0.326. The
enhanced mixing due to convergence is demonstrated by comparing
the data for straight (Figure 36) and convergent ducts (Figure
59).

The results obtained from the correlations for Test No. 22,
shown in Figure 60, underpredicts the jet penetration and the jet
mixing at X/Hgp = 0.25. Consequently, the predicted radial pro-
file at X/Hg = 0.25 is in poor agreement with the data. However,
at the measurement stations downstream, the agreement between
correlations and the data is within 25 percent. |
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Test No. 23 was performed with a symmetically convergent
duct (Test Section 1II), orifice plates 01/04/04 (S/D = 4,
Hg/D = 4) in staggered arrangement, having momentum flux ratios
of Jp = 6.78 and Jg = 6.91 for the top and bottom dilution jets,
respectively. The diameters of the dilution Jjets were 2.54 cm.
The measured theta distributions for this test case are presented
in Figure 61l. At X/Hg = 0.25, the Jjets penetrate to about 40
percent of local duct height with minimal interaction with other
jets. At the downstream stations, the jets gradually interact
with the mainstream and the adjacent jets and approach the equil-
ibrium conditions (fggp = 0.1994).

The predicted theta distributions for this test case are
shown in Figure 62. At X/Hg = 0.25 and 0.5, the predicted peak
theta values are underestimated by about 25 percent. However,
the predicted jet penetration is in good agreement with data. At
X/Hp = 1.0 the jet penetration is overestimated and the correla-
tions are in inferior agreement with the data.

Figure 63 shows the measured theta distributions for Test
No. 24 (with Test Section II), orifice plates 01/04/04 in stag-
gered configuration (Jp = 25.84 and Jg = 25.98). At X/Hg = 0.25,
the jets impinge against the opposite wall, followed by rapid
mixing in the radial and transverse directions. At X/Hg = 1.0,
the theta distribution is nearly uniform with equilibrium theta
value, Oggp = 0.3272.

The predicted theta distributions for Test No. 24 are pre-
sented in Figure 64. The correlations underestimate the jet
penetration and the mixing rates in the radial as well as the
transverse direction. These characteristics were observed in
cases where the jets overpenetrated to the opposite wall. Such
flow conditions are not encountered often in practical combustor
dilution zones.
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Test No. 25 represents two-sided dilution Jjet injections
into Test Section II with orifice plates 01/02/04 (S/D = 2,
Hy/D = 4, D = 2.54 cm) in aligned configuration (Jp = 6.69 and
Jg = 6.71). The measured theta distributions for this test case
are shown in Figure 65. At X/Hg = 0.25, the Jjets penetrate to
about 30 percent of local channel height with little interaction
with the opposing jets. However, the Jjets interact with the
adjacent jets issuing from the same side of the duct. At the
downstream stations, the jets gradually interact with the main-
stream and approach equilibrium conditions (gg = 0.3283).

The predicted theta distributions for Test No. 25 are shown
in Figure 66. The correlations overpredict the peak theta
values. Furthermore, the jet penetration and the spreading rate
in the transverse direction are overestimated by the model. Fur-
ther refinement of the correlations are needed to improve the
quantitative predictions. '

Figure 67 represents the measured theta distributions for
Test No. 26 with Test Section II, orifice plates 01/02/04 in
staggered configuration Jp = 25.68 and Jg = 25.97. At
X/Hg = 0.25, the jets impinge with the opposing jets at mid-chan-
nel, with the attendant enhancement 1in the transverse mixing
rate. At the downstream stations, the Jjets gradually spread in
the radial direction and approach the equilibrium conditions
(Pgg = 0.4810).

The predicted theta distributions for Test No. 26 are pre-
sented in Figure 68. At X/Hg = 0.25, the predicted and measured
radial theta profiles are in excellent agreement. However, the
lateral mixing rate at that axial station is underestimated by
the correlations. At X/Hp = 0.5 and 1.0, the predicted radial
jet spreading rates are slower than the data and the predicted
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maximum theta values are smaller than the data. The jet spread-
ing rates in the transverse direction are also underestimated by
the correlations.

5.3.1 Test Series 7 Conclusions

The mixing characteristics of two-sided jets with isothermal
cross-flow in a symmetrically convergent duct were investigated.
Four orifice geometric configurations and two flow conditions for
each orifice plate were considered. The following conclusions
are drawn from these tests:

o Mixing is generally enhanced by flow area convergence.
In convergent ducts, the jet spreading in radial and
transverse directions occurs within a shorter distance
from the jet injection plane than in the case of the
straight duct.

o When the Jjets are injected upstream, the jet spreading
rate in the transverse direction is enhanced. A simi-
lar effect is also seen for impinging opposed jets.

o The modified NASA/Garrett correlations with equivalent
momentum flux ratio (Jeq (X)) yield qualitatively good
comparison with data. This provides a very useful
design tool, even though the predicted theta values are
not accurate. These correlations are not applicable to
situations where Jjets overpenetrate to the opposite
wall of the duct. Further refinements in the correla-
tions are needed to improve the quantitative predic-
tions.
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5.4 Series 8 Tests

The Series 8 tests consisted of the orifice plate configura-

tions and flow conditions of interest based on the tests per-
formed in Series 1 through 7. These tests included the following
orifice plate geometries:
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Two-sided injection, in a straight duct with orifice
plate 01/04/04 (S/D = H/D = 4) in aligned and staggered
configurations

Single-sided 1injection with a two-dimensional slot
(slot width, w = 0.5144 and 1.024 cm)

Single-sided injection in a straight duct with square
holes having 2.25 cm sides

Two-sided jet injections in a straight duct with ori-
fice plate 01/02/08 in aligned configuration, having
unbalanced momentum flux ratios from the top and bottom
walls

Two-sided jet injections in an asymmetricélly conver-
gent duct (Test Section III) with four orifice plate
configurations and two flow conditions for each con-
figuration

Two-sided injections in a straight duct with orifice
plates 01/02/04 in aligned configuration

‘single-sided injection in a straight duct with orifice

plate 01/03/06 (s/D = 2.83, H/D = 5.67, D = 1.796 cm).



The orifice plate configurations, test section geometries, and
the flow conditions for test Series 8 are listed in Table 6.

Test 27 corresponds to two-sided jet injections into a con-
stant cross-sectional area duct, with staggered 01/04/04 orifice
plates and Jp = 6.76 and Jg = 6.69. The measured theta distri-
butions for this case are presented in Figure 69. At this sta-
tion, the interaction between the opposing jets is minimal. Com-
paring the single-sided injection (Figure 16, Reference 5) and
two-sided injection (Figure 69) shows that the jet penetrations
for the two cases are comparable. However, the mixing of the
jets with the cross-stream is significantly faster with two-sided
injection compared to single-sided injection. Comparing the data
for a straight (Figure 69) and symmetrically convergent duct
(Figure 61) shows that the mixing rate in a converging duct is
faster than in a constant cross-sectional area duct.

The predicted theta distributions for Test 27 are shown in
Figure 70. The predicted jet penetrations are in good agreement
with the data. But the magnitude of maximum theta is underesti-
mated by the correlations. The correlations also underestimate
the jet spreading rates in the radial direction. The overall
agreement between the data and correlations for this test case is
poor.

Test 28 was performed with two-sided jet injections into a
constant cross-sectional area duct using orifice plates 01/04/04
in staggered configurations, Jp = 26.42 and Jg = 26.10. The mea-
sured theta distributions for Test 28 are shown in Figure 71. At
X/Hg = 0.25, the jets overpenetrate to the opposite wall. At the
downstream stations, the jets gradually mix with the mainstream
and reach equilibrium conditions (fgg = 0.3271) at X/Hgo = 2.0.
Comparing the data for a straight duct (Figure 71) and a symme-
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trically convergent duct (Figure 63) shows that mixing is
enhanced due to flow area convergence.

The predicted theta distributions for Test 28 are presented
in Figure 72. The predicted jet penetration is smaller than the
data at X/Hg = 0.25 and 0.5. The predicted jet spreading rates
in the radial direction is slower than the data. The overall
agreement between data and correlations for this test case is
poor.

Figure 73 represents the measured theta distribution for
Test 29. Test 29 corresponds to two-sided in-line injections
into a crossflow with a constant cross-sectional area duct using
orifice plates 01/04/04 (Jp = 26.86 and Jg = 26.49). For this
test condition, at X/Hg = 0.25, the opposed jets impinge at the
center of the duct, with attendant enhanced transverse mixing
downstream. Comparing the data for in-line (Figure 71) and stag-
gered (Figure 73) orifice configuration shows that the mixing
rates are faster with stagered injections.

The predicted theta distributions for Test 29 are shown in
Figure 74. In the region near the jet injection plane, the cor-
relations are in good agreement with data. Beyond X/Hg = 0.5,
the predicted theta values are larger than the data. The corre-
lations slightly overestimate the mixing in the transverse direc-
tion.

Test 30 corresponds to two-sided in-line injection with a
cross-flow in a constant area duct using orifice plates 01/04/04
having Jp = 106.9 and Jg = 107.3. The measured theta distribu-
tions for Test 30 are shown in Figure 75. At X/Hg = 0.25, the
theta distributions are similar to those for Test 29 (Figure 73).
However, at the downstream stations, the theta distfibutions for
the two test cases are significantly different. The mixing in
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the radial and transverse directions are substantially faster at
higher momentum flux ratio.

The predicted theta distributions for Test 30 are shown in
Figure 76. The predictions underestimate the jet mixing in the
radial and transverse directions in the region upstream of X/Hy =
1.0. At X/Hg = 2.0, the predicted and measured radial theta pro-
files are in very good agreement. The overall agreement between
the data and correlations for this test case is good.

Test 31 corresponds to one-sided injection into an isother-
mal cross flow in a constant area duct using a 0.5144 cm-wide two-
dimensional slot. The geometrical area of this two-dimensional
slot is the same as orifice plates 01/04/04 and 01/02/08. The
tests were performed at three different momentum flux ratios,
6.63, 26.13, and 104.5.

In these tests the slotted jet was injected from the top
wall. Measurements were made at four axial stations and five
transverse locations. Figure 77 represents the measured theta
distributions for Test 31(a) with J = 6.63. For this case, at
X/Hg = 0.25, the jet penetration is about 20 percent of the chan-
nel height. At the downstream stations, the Jjet penetration
gradually decreases and at X/Hg = 2, the Jjet reattaches on the
injection wall. The ratio of jet to total mass flow rate for
Test 31(a) is 0.1213. Comparing Figure 77 and those for orifice
plate 01/04/04 at a comparable momentum flux ratio (Figure 16 of
Reference 5) shows that the mixing rates are significantly
reduced for the two-dimensional slot. The predictions for this
case were obtained using the NASA/Aerojet correlations (Reference
5), with S/D = 1.0 and S/D = 2.0. The predicted theta distributions
for Test 31(a) are shown in Figure 78, where the solid lines
represent the correlations for S/D = 1.0 and the broken lines cor-
respond to the predictions for S/D = 2.0. The symbols in Figure
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78 correspond to data. For this test case, in the initial region
with X/H = 1.0, the correlations with S/D = 1.0 show good agree-
ment with the data. At X/H = 2.0, the correlations with S/D =
2.0 show excellent agreement with measured data.

The measured theta distributions for Test 31(b) with
J = 26.13 are shown in Figure 79. The ratio of jet to total mass
flow rate for this test is 0.213. At X/Hg = 0.25, the jet pene-
tration is 40 percent of the channel height. The jet penetration
gradually increases to 50 percent of the duct height at X/Hg = 1.
The radial jet spreading rate towards the injection wall is much
faster than that in the opposite direction. Comparing the theta
distributions for slotted jet the 2-D slot (Figure 79) and those
for orifice plate 01/04/04 (Figure 18 of Reference 5) at the com-
parable momentum flux ratio shows the substantially reduced mix-
ing rate for the 2-D slot. The 0.5144 cm wide slot has the same
geometrical area as orifice plate 01/02/08. Comparing the theta
distributions for slotted jet (Figure 79) and those for orifice
plate 01/02/08 (Figure 20 of Reference 5) reveals very similar
characteristics. This suggests that the 2-D slot has mixing
characteristics very similar to the orifice plate with S/D = 2.0,
that has the same geometrical area.

The predicted theta distributions for Test No.'31(b) using
the NASA/Aerojet correlations for one-sided injection with S/D =
1 and S/D = 2 are presented in Figure 80. At X/Hp = 0.25, the
predicted jet penetration is about 35 percent less than the mea-
sured value. The predicted theta profiles are in poor agreement
with the data throughout the region of interest.

Figure 81 shows the measured theta distributions for Test
31(c) with J = 104.49. The ratio of jet-to-total mass flow rate
for this case (equal to dgp) is 0.352. The measured jet penetra-
tion at X/Hg = 0.25 is 50 percent of the channel height. The
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slotted jet penetrates to about 65 percent of the channel height
at X/Hp = 1.0. Comparing the 2-D slot data (Figure 81) and those
for orifice plate 01/02/08 at a comparable momentum flux ratio
(Figure 22 of Reference 5) shows similar mixing characteristics,
especially in the regions away from the jet injection plane
(X/Hg>1) .

The predicted theta distributions for Test 31(c) are pre-
sented in Figure 82. The predicted Jjet penetration at
X/Hg = 0.25 is about 20 percent smaller than the data. The pre-
dicted radial profiles show a reattachment of the Jjets towards
the injection wall with 1little radial jet spreading in the
opposite direction. The overall comparison between data and cor-
relations is poor.

Test 32 corresponds to one-sided jet injection into an iso-
thermal cross-flow in a constant area duct using square holes
with 2.25 cm sides. The holes are spaced at a distance of 4
times the hole side. The geometric flow area of this orifice
plate is the same as that of the 01/04/04 plate. The momentum
flux ratio for Test 32 was 26.10. Figure 83 represents the mea-
sured theta distributions for Test 32. At X/Hg = 0.25, the jet
penetration is approximately 70 percent of the channel height,
with 1little interaction between the adjacent jets. At
X/Hg = 0.5, the jets penetrate to the opposite wall, followed by
rapid mixing, especially in the transverse direction. Comparing
Figure 83 and the data for circular holes (Figure 18 of Refer-
ence 5) shows that the mixing characteristics for the square and
circular orifices are similar. The effect of the orifice geom-
etry are confined to the regions near the injection plane
(X/Ho <0.5).

The predictions for this test case were obtained by using
the NASA/Aerojet correlations, preseﬁted in Figure 84. The cor-
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relations underestimate the jet penetrations at X/Hg = 0.25 and
0.5. The difference between circular and square holes are seen
in the centerplane profiles at X/Hp = 0.25 and 0.5 near the
injection wall (top) (see Figure 84 and Figure 19 of Reference
5). The theta profiles for circular holes have monotonic reduc-
tion in theta values near the top. The theta profiles for the
square holes show the effects of hole shape at X/Hgp = 0.25 and
0.5. The correlations underestimate the jet spreading rates in
the transverse direction. The predicted radial profiles beyond
X/Hg = 0.5 are in good agreement with the data.

Test 33 was performed with orifice plates 01/02/08 in
aligned configuration, in a constant area duct having unbalanced
momentum flux ratio of Jp = 40.9 and Jg = 14.7. The measured
theta distributions for Test 33 are shown in Figure 85. At
X/Hg = 0.25, the measured jet penetrations for the top and bottom
jets are 35 and 20 percent of the channel height, respectively.
The jets show little interaction with the opposing jets. The.
jets gradually mix with the mainstream and reach equilibrium con-
ditions (6gg = 0.3201) at X/Hg = 2.0. The momentum flux ratios
for the top and bottom jets in Test 33 deviate by an equal amount
about the average between the jets. (Compare with Test 2 for the
average momentum flux ratio, shown in Figure 13). Comparing Fig-
ures 85 and 13 shows similarities in the theta distribution with
the exception that the equivalent channel height (location of
minimum theta value) for the two test cases are different. For
Test 33, the equivalent channel height is 0.6 Hg for the top jet.
For the test case with balanced momentum flux ratio, the equivalent
channel height is 0.5 Hgp.

The predicted theta distributions for Test 33 are presented
in Figure 86. At X/Hg = 0.25, the predicted radial theta profile
is in good agreement with the data. The predicted egquivalent
channel height (0.6 Hg for the top injections) cqrrelates well
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with the data. At X/Hg = 0.5 and 1.0, the correlations underes-
timate the jet spreading rate in the radial direction. The pre-
dicted theta variations in the transverse direction are 1larger
than the measured variations. The overall agreement between data
and correlations is good.

Test 34 corresponds to the same orifice configuration as
Test 33. However, in Test 34 the momentum flux ratios for the
top and bottom Jjets were 58.4 and 6.7, respectively. This test
case provides a iarger variation of momentum flux ratios about
the average than those obtained in Test 33. The measured theta
distributions for Test 34 are shown in Figure 87. At
X/Hg = 0.25, the jet penetrations for the top and the bottom
injections are, respectively, 45 and 10 percent of the duct
height. The interaction between the opposing jets is minimal at
this station. Comparing the data for Test 33 (Figure 85) and
Test 34 (Figure 87) shows similar theta distributions with the
exception of the 1location of minimum theta values (equivalent
channel height, Heq). The equivalent channel height for this
case was 0.75 Hg for the top injection.

The ratio of jet-to-mainstream mass flow rate and the nomi-
nal momentum flux ratios in Tests 33 and 34 are comparable to
those in Test No. 2 (Figure 13). 1In Test 2, the two opposed rows
of jets had equal momentum flux ratios. Comparison between
Figure 13 (Test 2) and Figures 85 and 87 (Tests 33 and 34,
respectively) show similar temperature distributions beyond X/Hg
= 1.0. In the regions closer to the jet injection plane, the jet
penetrations for the top and the bottom injections are quite dif-
ferent for the three test cases. These test cases also have the
same jet-to-mainstream mass flow rate as Test No. 6 of the Dilu-
tion Jet Mixing Program Phase I (Figure 22, Reference 5). 1In the
latter, the same orifice plate was used with single-sided injec-
tion, having a momentum flux ratio of 107.8. The theta distribu-
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tions for single-sided injection are substantially different from
those for opposed injection with a comparable ratio of Jjet-to-
mainstream mass flow rate.

The predicted theta distributions for Test 34 are presented
in Figure 88. The predicted results underestimate the jet
spreading rates in the transverse and radial directions. At
X/Hg = 0.25 and 0.5, the predicted and measured radial theta
profileS-are’in good agreement. At X/Hg = 0.25, the predicted
and measured theta profiles show the location of mimimum theta
values at about 75 percent of duct height. Beyond X/Hg = 0.5,
the predicted theta values are within 20 percent of the measured
values. The overall agreement between data and correlations is
good.

Tests 35 through 42 involve two-sided jet injection in an
asymmetrically convergent duct (Test Section III). The orifice
configuration and flow conditions for'these tests are listed in
Table VI. The configuration of Test Section III is shown in Fig-
ure 5. In these tests, the bottom wall of the test section was
flat and the top wall inclined. The jet injection angles for the
top and bottom injections were 116.6 and 90 degrees, respec-
tively.

Test 35 was performed with orifice plate 01/02/08 in an
aligned configuration having Jp = 26.24 and Jg = 25.93. The mea-
sured theta distributions for Test 35 are shown in Figure 89. At
X/Hg = 0.25, the jet penetration from the top is about 40 percent
of the channel height, while the bottom jets penetrate to about
25 percent of the local duct height. The jets gradually interact
with the adjacent jets and the mainstream and reach equilibrium
conditions (6ggp = 0.3185). Comparing the data for symmetric
(Figure 53) and asymmetric ducts (Figure 89) shows that the theta
distributions for the two convergent ducts are similar. This is

58



different from the characteristics observed for one-sided injec-
tion in Phase I of this program. The mixing characteristics for
symmetric and asymmetric convergence with single sided rows of
jets were different, especially with jet injection from inclined
walls. The mixing characteristics for single-sided injection
from flat walls were similar to those in a symmetrically conver-
gent duct.

The predicted theta distributions for Test 35 are shown in
Figure 90. The predictions were obtained from the correlations
for converging cross-stream passages. Details of these correla-
tions are given in Section 6.1.5. The predictions show deeper
jet penetration from the flat wall injections (bottom jets) than
from the inclined wall injections. However, the measured data do
not show this trend. The predictions underestimate the jet mix-
ing in the transverse direction. The predicted maximum theta
vaiues are larger than the data at X/Hg = 0.25 and 0.5. At
X/Hg = 1, the data and correlations are in good agreement.

Figure 91 represents the measured theta distributions for
Test 36. Test 36 was performed with orifice plates 01/02/08 in
aligned configuration in Test Section III with Jp = 107.4 and
Jg = 107.8. At X/Hg = 0.25, the jets impinge against each other
at mid channel followed by rapid mixing towards equilibium
(g = 0.4902). Comparing the data for symmetric (Figure 55) and
asymmetric duct (Figure 91) cases show that the mixing character-
istics for the two cases are similar. The convergent duct
results also show enhanced mixing compared to the constant area
duct.

The predicted theta distributions for Test 36 are shown in
Figure 92. The correlations underestimate the jet penetration at
X/Hg = 0.25. The predicted results show deeper jet penetration
for the flat wall injection. The correlations underestimate the
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jet spreading rates in both radial and transverse directions.
The predicted centerplane radial profiles correlate well with
data at X/Hg = 1.0.

Test 37 corresponds to two-sided injections (orifice plates
01/04/08) in a staggered arrangement (Jp = 25.7 and Jg = 26.1).
The measured theta distributions for Test 37 are shown in Figure
93, The ratio of jet-to-total mass flow rate for this case is
0.1929. At X/Hg = 0.25, the jet penetration is about 50 percent
of local channel height for the bottom and top row of jets. The
jets gradually mix with the mainstream and approach near equilib-
rium conditions (fgg = 0.1882) at X/Hg = 1.0.

The predicted theta distributions for Test 37 are shown in
Figure 94. The predicted theta distributions show larger
gradients in the transverse direction compared to the data. The
predicted centerplane theta profile also shows larger radial
gradients than the measured values. The predicted radial theta
profile at X/Hp = 1 gives good correlation with the data.

Test 38 was performed with orifice plates 01/04/08 in a
staggered arrangement in the asymmetrically convergent duct, with
Jp = 109.2 and Jg = 110.0. The ratio of jet-to-total mass flow
rate (equal to 6gg) was 0.3245. The measured theta distribution
for this test case are presented in Figure 95. At X/Hg = 0.25,
the Jjets overpenetrate and impinge on the opposite wall. The
theta distribution at the downstream stations rapidly reach equi-
librium values. The measured theta values corresponding to the
bottom jets are larger than those for the top injection at
X/Hg = 0.25. This is perhaps due to the improved mixing associ-
ated with the upstream injection from the top wall.

The predicted theta distributions for Test 38 are shown in
Figure 96. The predicted results underestimate the jet penetra-
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tion at X/Hg = 0.25. However, the radial profiles at X/Hg = 0.5
and 1.0 are in good agreement with the data. The predictions
underestimate the mixing in the transverse direction. This trend
has been observed in most of the test cases discussed so far.

Test 39 corresponds to two-sided injection with orifice
plates 01/04/04 in staggered configuration in an asymmetric con-
vergent duct. The momentum flux ratios for Test 39 are Jp = 6.69
and Jg = 6.74. The measured theta distributions for this test
case are presented in Figure 97. AT X/Hg = 0.25, the jet pene-
trations from the top and bottom injections are about 30 percent
of the local channel height., At X/Hg = 1.0, the theta profiles
show significant deviations from equilibrium theta (O =
0.1994). For this test case, at X/Hg = 0.25 and 0.5, the mea-
surements did not extend below Y/H = 0.3. The contour plotting
routine extrapolates the profiles to obtain the theta distribu-
tion below Y/H = 0.3. This extrapolation method erroneously
shows smaller jet penetration for the top injections. At the
downstream stations, the jets gradually mix with the mainstream
and the opposing jets. Note that the injections from the top
(inclined) wall have a faster mixing rate compared to the bottom
jets. The theta distributions are similar to those in a sym-
metrically convergent duct (Figure 61).

The predicted theta distributions for Test 39 are shown in
Figure 98. The predicted theta distributions indicate smaller
jet penetration for the injections from the top and underestimate
the mixing rates in the transverse direction. The predicted cen-
terplane radial profiles correlate well with the data.

Figure 99 depicts the measured theta distributions for
Test 40. Test 40 corresponds to orifices plates 01/04/04 in a
staggered configuration in Test Section III (Jp = 25.99 and Jg =
25.05). For this case, the Jjets overpenetrate to the opposite
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wall at X/Hgp = 0.25. At the downstream stations, the jets
rapidly mix with the mainstream and approach equilibrium condi-
tions (0gg = 0.3247). The theta distributions are similar to
those for a symmetric convergent duct (Figure 63).

The predicted theta distribution for Test 40 are presented
in Figure 100. The correlations underpredict the jet penetration
at X/Hg = 0.25 and 0.5. As a result, the predicted centerplane
theta profiles are in poor agreement with the data throughoﬁt the
region of interest.

Tests 41 and 42 are two-sided injections with orifice plates
01/02/04 in aligned configuration using the asymmetrically con-
vergent duct. Test 41 was performed with Jp = 6.64 and Jp 6.68.
The measured theta distributions for Test 41 are shown in Figure
101. At X/Hg = 0.25, the jets penetrate to about 25 percent of
the local channel height. The jets show little interaction with
the opposing or adjacent jets. The Jjet spreading rate in the
radial direction is faster than that in the transverse direction.
Comparing the data for symmetric (Figure 65) and asymmetric con-
vergent duct (Figure 101) shows the similarities in the mixing
characteristics between the two convergent ducts.

The predicted results for Test 41 are‘shown in Figure 102.
At X/Hp = 0.25, the measured radial profiles shows deeper jet
penetration for the top injection (0.4H) than the bottom jets
(0.254) . The predicted maximum theta values at X/Hg = 0.25 are
higher than the data. But the radial profiles show good qualita-
tive agreement with the data. The agreement between the pre-
dicted and measured radial profiles improves at the downstream
stations. The predicted jet spreading rates in the transverse
direction are also in good agreement with data.
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Figure 103 represents the measured data for Test 42. Test
42 corresponds to inline injections with orifice plates 01/02/04
in Test Section III, having Jp = 26.25 and Jg = 26.34. For this
test, the jets impinge against each other near midchannel at
X/Hg = 0.25, followed by enhanced mixing at X/Hg = 0.5 and 1.0.
The theta distributions for Test 42 (shown in Figure 103) are
similar to those in a symmetically convergent duct (Figure 67).

The predicted theta distributions for Test 42 are presented
in Figure 104. The predicted results underestimate the radial
spreading of the jets. At X/Hg = 0.25, the data shows deeper jet
penetration for the inclined wall injection. The inclined wall
jets are injected into a region where the mainstream momentum is
lower. Hence, the penetration of the inclined wall jets are
deeper than the flat wall injections. The predicted radial pro-
files are only in qualitative agreement with the data for this
test case.

The test cases discussed above correspond to two-sided
injections into an isothermal mainstream in an asymmetrically
convergent duct. The following two test cases were performed
with single-sided injections into asymmetrically convergent duct
with profiled mainstream. In these two test cases (Test 43 and
44) a "top hot" profile was used and the jets were injected from
the flat wall with orifice plate 01/02/04. Test 43 corresponds
to a momentum flux ratio of 6.26. The measured theta distribu-
tions for Test 43 are presented in Figure 105. At X/Hy = 0.25,
the peak theta value (jet centerline) is located approximately at
40 percent of the local duct height away from the flat wall. The
jets gradually mix with the mainstream at the dowﬁstream sta-
tions. At X/Hg = 1.0, the theta profiles have nearly uniform
distribution in the transverse direction. The radial theta pro-
files at that station are strongly influenced by the mainstream
theta profile. '
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The predicted theta distributions for Test 43 are shown in
Figure 106. In obtaining the predictions, the mainstream theta
profiles were sdperimposed on the theta distributions given by
the NASA/Aerojet correlations. At X/Hg = 0.25, the predicted jet
penetration is in good agreement with the data. But, at this
axial location, the data shows slightly lower values for the cen-
terplane theta. The predicted and measured half inlets are in
good agreement at this plane. At X/Hgp = 0.5 and 1.0, the pre-
dicted radial profiles do not agree exactly with the data. Most
of the differences between data and correlations occur near the
fan wall where the mainstream is colder. The predicted results
show a slower mixing rate in the transverse direction compared to
the measurements.

Test 44 corresponds to the same orifice configuration as
Test 43, but the momentum flux ratio is 24.24. The measured
theta distributions for Test 44 are shown in Figure 107. At
X/Hg = 0.25, the peak theta value is located at about 60 percent
of the local duct height. For this test case, the jet spreading .
rate in the transverse direction is much faster than that in the
radial direction. The dominating influence of the mainstream
temperature profile is clearly seen in the oblique plots. The
predicted theta distributions for Test 44 are presented in Figure
108. At X/Hp = 0.25, the predicted jet penetration (peak theta
location) agrees well with the data. The predictéd centerplane
theta profile is also in excellent agreement with the measure-
ments. At X/Hg = 0.5 and 1.0, the predicted centerplane theta pro-
files show slower radial mixing compared to measurements. The
predicted results also show a slower mixing rate in the trans-
verse direction compared to the measurements.

Test 45 corresponds to single-sided injectionAinto an iso-

thermal cross-flow in a constant area duct (Test Section I) using
1.024 cm-wide two-dimensional slot. This slot has the. same geo-
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metrical area as orifice plate 01/02/04. Three different momen-
tum flux ratios were studied in this test case. Test 45(a) cor-
responds to the case with a momentum flux ratio of 6.66. The
measured theta distributions for this test are presented in Fig-
ure 109. At X/Hgp = 0.25, the slotted jet penetrates to about 30
percent of the duct height. The Jjet penetration does not in-
crease beyond 0.3 Hg at the downstream stations. The width of
the slot in Test 45 is twice the slot width used in Test 31.
Comparing Tests 45(a) (Figure 109) and 31(a) (Figure 77) shows
that the Jjet penetration with the 1.024 cm-wide slot is about 50
percent higher than that for the 0.5144 cm-wide slot. Further-
mofe, in Test 45(a), the ratio of jet-to-total mass flow ratio
(equal to Org) is 0.2179 while the corresponding value in Test
31(a) was 0.1213.

The 1.024 cm-wide 2-D slot has the same geometrical area as
orifice plate 01/02/04. A comparison of the theta distributions
for the 2-D slot (Figure 109) and those for orifice plate
01/02/04 at comparable momentum flux ratio (Figure 12 of Refer-
ence 5) shows similar mixing characteristics, especially in
regions beyond X/H0 = 1.0.

The predicted theta distributions for Test 45(a) are shown
in Figure 110. The predictions were obtained from NASA/Aerojet
correlations with S/D = 1 and S/D = 2, 1In Figure 110, the solid
lines represent the correlations for S/D = 1.0 and the broken
lines correspond to predictions with S/D = 2.0. The symbols in
this figure correspond to the data. The predicted jet penetra-
tions are higher than the data. The predicted peak theta values
are much higher than the measured values. However, the differ-
ences between data and predictions become less with increasing
downstream distance, x/Ho.
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Figure 111 represents the measured theta distributions for
Test 45(b) with J = 25.34. At x/H0 = 0.25, the jet penetrates to
approximately 40 percent of the duct height. The jet penetration
increases to 50 percent of duct height at X/H0 = 1., The mixing
characteristics at this momentum flux ratio are similar to those
at J = 6.6. The comparison of the data for 1.024 cm-wide slot
(Figure 111) and that for 0.5144 cm-wide slot (Figure 79) show
that the jet penetrations for the wider slot at a comparable
momentum flux ratio is the same as that of 0.5144 cm-wide slot.
However, the peak theta values are different, since the Jjet-to-
total mass flow ratio in Test 45(b) is 0.3462, while the corres-
ponding value for the narrow slot is 0.2129.

Figure 111 and Figure 14 of Reference 5 show the differences
in the mixing characteristics of a 2-D slot and orifice plate
01/02/04, respectively. For both of these plates, the radial
profiles are similar at X/H0 = 2.0. But, in the regions closer
to the jet injection plane, orifice plate 01/02/04 has larger
gradients in the theta values in both radial and transverse
directions compared to those observed for the 2-D slot.

The predicted theta distributions for Test 45(b) are shown
in Figure 112. The predicted results overestimate the Jjet pene-
tration by about 50 percent of the data at X/H0 = 0.25. However,
the agreement between the predicted and measured radial profiles
improve in the downstream stations. At X/H0 = 2.0, the predicted
radial profile correlates well with the data.

Test 45(c) corresponds to a momentum flux ratio of 78.33
with a 1.024 cm-wide slot. The measured theta distiibutions for
this test case are presented in Figure 113. The jet penetration
at the momentum flux ratio of 78.33 increases from 45 to 60 per-
cent of the duct height, between X/H0 = 0.25 and 1.0. At this
momentum flux ratio, the jet spreading rate in the regions away
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from the injection wall is much larger than those observed at
lower momentum flux ratios. The ratio of jet-to-total mass flow
rate for this test case is 0.482. The comparison between the
data for wide (Figure 113) and the narrow slots (Figure 81) at
comparable momentum flux ratios shows very similar theta distri-
butions for the two cases.

The predicted theta values for Test 45(c) are presented in
Figure 114. The predicted jet penetrations are much higher than
those given by the measurements at X/H0 = 0.25 and 0.5. The pre-
dicted peak theta value at X/H0 = 0.25 agrees well with the data.
Beyond x/Ho = 1.0, the predicted radial profile is in good agree-
ment with the data. The correlations for the narrower slot give
good results for low momentum £flux ratios, but for the high
momentum flux ratios the predictions are in better agreement with
the data in the regions closer to the jet injection plane. The
predicted results for the wider slot give better correlations
with the data at the higher momentum flux ratios, and the pre-
dicted profiles are in better agreement with the data in regions
away from the jet injection station.

Tests 46 through 48 correspond to two-sided injection with
orifice plates 01/02/04 in aligned configuration. The Jjets from
the two sides had equal momentum flux ratios and were injected
into an isothermal cross-flow in a constant area duct. Test 46
represents the test case with JT = 6.70 and Jg = 6.70. The
measured theta distributions for Test 46 are shown in Figure 115.
At X/H0 = 0.25, the jets penetrate to about 30 percent of channel
height. They show little interaction with the opposing jets. 1In

this test case, the jet spreading rate in the transverse direc-

tion is much higher than that in the radial direction. At
X/H0 = 2, the theta distribution is nearly constant with the
equilibrium value (OEB = 0.3299). Comparing the mixing charac-

teristics in the constant area (Figure 115), asymmetric conver-
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gent (Figure 101) and symmetrically convergent ducts (Figure 65)
shows that the constant area duct has slower mixing rates than
the convergent ducts, especially in the transverse direction.

The predicted theta distributions for Test 46 are shown in
Figure 116. The predicted jet penetrations are much higher than

the data. However, the predicted peak theta values compare
favorably with the data. The jet spreading rate in the radial
direction is underpredicted by the correlations. The overall

agreement between the data and correlations for Test 46 is poor.

Figure 117 presents the measured theta distributions for
Test 47, using orifice plates 01/02/04 in aligned configuration
with Jp = 25.56 and Jg = 25.74. At x/H0 = 0.25, the jets impinge
with the opposing jets at midchannel. The transverse mixing rate
at the downstream stations are enhanced. The comparison between
the data in the constant area (Figure 117), asymmetric convergent
(Figure 103) and symmetric convergent duct (Figure 67) demon-
strates the enhanced mixing due to flow area convergence.

The predicted results for Test 47 are shown in Figure 118.
The agreement between predicted and measured theta distributions
for this case is very good throughout the region of interest.

Figure 119 represents the measured theta values for Test 48.
Test 48 was performed with orifice plate 01/02/04 in aligned con-
figuration (J, = 84.18 and Jg = 83.92). At X/H0 = 0.25, the
opposing jets impinge against each other at midchannel, followed
by enhanced mixing in the transverse direction. At X/H0 = 2, the
theta values are nearly constant at the equilibrium value (OEB

0.6327).

The predicted theta distributions for Test 48 are shown in
Figure 120. The predictions slightly underestimate the radial
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jet spreading rates. The jet spreading in the transverse direc-
tion is correctly predicted by the correlations. The overall
agreement between data and correlations for this test case is
very good.

In the NASA Dilution Jet Mixing Program Phase I (Reference
5), it was observed that for single-sided jet injections, the
mixing characteristics of orifice plates with the same S/H ratio
were similar. This observation was based upon the data from two
orifice plates (01/02/04 and 01/04/08), with S/H = 0.5. To
increase the data base for S/H = 0.5, it was considered essential
to study the mixing characteristics of single-sided injection in
a straight duct with orifice plate 01/03/06. For this orifice
plate, the orifice diameter was 1.796 cm with orifice spacing of
5.08 cm, (S/D 2.83 and H/D = 5.67). Test 49 was performed with
orifice plate 01/03/06, having J = 6.49. The measured theta dis-
tributions for Test 49 are presented in Figure 121. At
X/Ho = 0.25, the jet penetration is about 35 percent of duct
height. The jets have little interaction with the adjacent jets

at this station. At the downstream stations, the jet penetration
increases to 40 percent of duct height with attendant spreading
in radial and transverse directions. The comparison between the
theta distributions for orifice plates 01/03/06 (Figure 120) and
01/02/04 (Figure 12 of Reference 5) show similar theta distribu-
tions. The similarity in the theta distributions is also seen
between orifice plates 01/03/06 (Figure 120) and 01/04/08 (Figure
25 of Reference 3). Since both of these orifice plates have the
same ratio of orifice spacing to duct height, S/HO' of 0.50, then
mixing characteristics are also expected to be similar (see Ref-
erence 5). '

For Test 49, the predicted theta distributions were obtained

from NASA/Garrett correlations. The predicted results for Test
49 are shown in Figure 122. The predicted jet penetrations and
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the jet spreading rates are accurately predicted by the correla-
tions. The predicted radial jet spreading rate correlates well
with the data. The correlations slightly overestimate the peak
theta values. The overall agreement between the data and cor-
relations is good within engineering accuracy.

The measured theta distributions for Test 50 are shown in
Figure 123. Test 50 was performed with orifice plate 01/03/06 at
J = 25.48. The jet penetration at X/H0 = 0.25 is about 55 per-
cent of the channel height. The jets gradually interact with the
mainstream and approach equilibrium conditions (GEB ='0.2054) at
x/H0 = 2.0. The comparison between orifice plates 01/03/06
(Figure 123), 01/02/04 (Figure 14 of Reference 5), and 01/04/08
(Figure 24 of Reference 5) show similar theta distributions.
Although these three test cases have comparable momentum f£lux
ratios for the same S/H ratio, the values of jet-to-total mass
flow rates, &j/ﬁTotal are different. Orifice plate 01/04/08 has
the smallest value (0.1048) of jet-to-total mass flow rate, while
the orifice plate 01/02/04 has the largest value (0.2705). Con-
sequently, the peak theta values for the three cases are also
different. The peak theta values are proportional to the ratio
of jet-to-total mass flow rate.

The predicted theta distributions for Test 50 are shown in
Figure 124. At X/H0 = 0.25, the predicted radial profile is in
good agreement with the data. The predicted jet penetrations at
X/H0 = 0.25 to 1.0 are less than the data. The peak theta values
are overpredicted by the correlations. The overall correlation
between data and predictions is good.

During the Phase II test results evaluation, another test
case was selected. This test (Test 51) was performed with ori-
fice plates 01/04/04 in an aligned configuration, using the con-
stant cross-sectional area duct, having momentum f£lux ratios
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JT = 6.67 and JB = 6.58. The measured theta distributions for
this test case are shown in Figure 125. At x/H0 = 0.25, the jet
penetrations are about 35 percent of the duct height and the jets
interact with the opposing jets. However, little interaction
- exists with adjacent jets from the same side the theta contours
show similar characteristics between X/H0 = 0.25 and 1.0. Beyond
X/H0 = 1.0, the mixing is enhanced in the transverse direction.
The comparison between in-line (Figure 125) and staggered injec-
tions (Figure 69) at the low momentum flux ratio of 6.7 shows
that the mixing rate for the in-line configuration is signifi-
cantly slower than that for the staggered arrangement.

The predicted theta distributions for Test 51 are shown in
Figure 126. At X/HO = 0.25, the jet penetrations are over-esti-
mated by the correlations. The correlations predict jet impinge-
ment at X/H0 = 0.25, while the data does not show such character-
istics. However, at the downstream stations, the predicted cen-
terplane radial theta profiles are in good agreement with the
data. The jet spreading rates in the transverse direction are
underestimated by the model. The overall correlation between
data and predictions for Test 51 is good.

One of the important parameters in the dilution jet mixing
problem is the turbulence intensity. Detailed flow field cal-
culation of dilution jet mixing flow field requires initial con-
ditions of turbulence intensities. 1In order to define the ini-
tial profiles of turbulence kinetic energy, it was deemed essen-
tial to measure the turbulence intensities of the cross flow using
hot-wire probes.

Hot-wire measurements were made in the constant area duct
(Test Section I) using a TSI X-wire probe (TSI Model 1050 sys-
tem) . The tests were conducted with the profile generator
installed in the rig. The mainstream flow was set at 0.4982 kg/
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sec at an average temperature of 319°K, resulting in an average
mainstream velocity of 14.9 M/S. The flow through the profile
generator was set to zero. The turbulence measurements were made
at a station upstream of the jet injection plane (x/H0 = -1.625).
The measured non-dimensionalized turbulence intensities u? and W2
are presented in Figure 127. This figure shows an increased tur-
bulence intensity caused by the wake behind the profile generator
lip. The turbulence intensity profiles show an anisotropic tur-
bulence structure in that region. In the region corresponding to
the core of the mainstream, the turbulence structure is essen-
tially isotropic with a turbulence intensity of about 6.5 per-
cent., Although the turbulence intensitiés are higher in the wake
region behind the step, they are not expected to change the tem-
perature distributions significantly in the mixing region. This
was demonstrated in one of the tests in Phase I. It is also
important to note that the higher values of turbulence intensi-
ties in the region behind the profile generator will be reduced
significantly if the profile generator iip were removed.

5.4.1 Test Series 8 Conclusions

Confined jet mixing characteristics were studied for a num-
ber of orifice plate configurations. These tests included two-
dimensional slots, square holes and other orifice plate config-
urations of interest that were not included in Test Series 1
through 7. The following conclusions are obtained from these
tests.

o Mixing is enhanced with a staggered arrangement as com-
pared with an aligned configuration for two-sided

injections using orifice plate 01/04/04.

o The mixing characteristics of square orifices are simi-
lar to those for circular orifices of the same flow
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area and orifice spacing. The effects of orifice
shapes are confined to regions near the jet injection
plane (X/Ho<1).

The mixing characteristics with two-sided injections in
an asymmetrically convergent duct are similar to those
in a symmetrically convergent duct. The penetration of
the jets injected from the inclined wall is slightly
deeper than these for the jets issuing from the flat
wall.

For all orifice plates tested in this program, the flow
area convergence enhances mixing, due to the effects of
a strong favorable pressure gradient.

The mixing characteristics for in-line orifice configu-
rations with unbalanced momentum flux ratios are very
similar to those for the same configurations with
balanced momentum flux ratios, having the same ratio of
jet-to-total mass flow rate. The major difference be-
tween the balanced and unbalanced configurations is the
location of minimum theta (Heq). The correlations ac-
curately predict the equilvalent duct height, H
the test cases investigated.

eq’ for

The jet penetration and mixing characteristics for two-
dimensional slots are similar to those for orifice
plate with S/D = 2, having the same geometrical area as
the two-dimensional slot. This is especially true in
the far field (X/H0>1) of the mixing zone. In the
regions near the injection plane, the two-dimensional
slot has significantly reduced mixing rates as compared
to a row of discrete circular jets with the same geo-
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metrical area. The jet penetrations for 2-D slots are
deeper than those for a row of discrete circular jets.

For single-sided injection into a convergent duct with
profiled mainstream, the mixing characteristics are
strongly influenced by the mainstream temperature pro-
file. ‘

The mixing characteristics of orifice plate 01/03/06
(s/D = 2.83, Hy/D = 5.66) are similar to those for the
01/02/04 plate (S/D = 2, HO/D = 4) at the same momentum
flux ratio.

The correlations developed in this program for two-
sided injections predict the theta distributions to
first order accuracy. They provide a useful dilution
zone design tool. However, improvements in their
accuracy are needed for applications involving £flow
area convergence and staggered injections. .

For single-sided injections, the NASA/Aerojet correla-
tions are applicable and provide a useful design tool
for practical combustors.

For two-dimensional slots, the NASA/Aerojet correla-
tions using S/D = 1 predict the radial profiles within
first-order accuracy.



6.0 JET MIXING CORRELATION DEVELOPMENT

A number of empirical and semiempirical models are available
in the 1literature (References 6 through 14) for predicting jet
interaction with cross flow. Most of these models are applicable
only to a limited range of geometrical and flow parameters. Some
of the models (References 8, 10, 12, 13, and 14) have been shown
to give trajectory predictions th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>